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Abstract:



Platostoma rotundifolium (Briq.) A. J. Paton aerial parts are widely used in Burundi traditional medicine to treat infectious diseases. In order to investigate their probable antibacterial activities, crude extracts from P. rotundifolium were assessed for their bactericidal and anti-virulence properties against an opportunistic bacterial model, Pseudomonas aeruginosa PAO1. Whereas none of the tested extracts exert bacteriostatic and/or bactericidal proprieties, the ethyl acetate and dichloromethane extracts exhibit anti-virulence properties against Pseudomonas aeruginosa PAO1 characterized by an alteration in quorum sensing gene expression and biofilm formation without affecting bacterial viability. Bioguided fractionation of the ethyl acetate extract led to the isolation of major anti-virulence compounds that were identified from nuclear magnetic resonance and high-resolution molecular spectroscopy spectra as cassipourol, β-sitosterol and α-amyrin. Globally, cassipourol and β-sitosterol inhibit quorum sensing-regulated and -regulatory genes expression in las and rhl systems without affecting the global regulators gacA and vfr, whereas α-amyrin had no effect on the expression of these genes. These terpenoids disrupt the formation of biofilms at concentrations down to 12.5, 50 and 50 µM for cassipourol, β-sitosterol and α-amyrin, respectively. Moreover, these terpenoids reduce the production of total exopolysaccharides and promote flagella-dependent motilities (swimming and swarming). The isolated terpenoids exert a wide range of inhibition processes, suggesting a complex mechanism of action targeting P. aeruginosa virulence mechanisms which support the wide anti-infectious use of this plant species in traditional Burundian medicine.
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1. Introduction


Assuming that the success of bacterial infection relies on an optimal expression of virulence [1], an attractive anti-pathogenic approach consists in targeting these mechanisms [2,3,4]. Indeed, virulent bacteria are able to colonize their hosts by building biofilms, disseminating with different types of motility and releasing multiple virulence factors [5]. Besides, the persistence of bacterial infection is linked to their ability to form structured biofilms which represent a protective barrier against antibiotics and immune defense, allowing survival and further re-dissemination [6,7]. Interestingly, these faculties are intimately interconnected to quorum sensing (QS), a bacterial cell-to-cell communication that allows bacteria to coordinate their behavior depending on their population density, through the release and perception of small diffusible molecules called “auto-inducers” [8] which finally induce the production of several virulence factors and modulate bacterial behaviors, including biofilm lifestyle growth [9].



P. aeruginosa has become a model organism of studying this bacterial communication and harbors several QS mechanisms that depend on the type of the released signaling molecules [9]. The acyl homoserine lactones (AHLs) N-3-oxo-dodecanoyl-l-homoserine lactone (3-oxo-C12-HSL) and N-butanoyl-l-homoserine lactone (C4-HSL) are produced and sensed, respectively, by the LasI/R and RhlI/R QS systems. LasR and rhlR genes encode LasR and RhlR regulator proteins, respectively, while lasI and rhlI genes encode the LasI and RhlI synthases necessary for the synthesis of 3-oxo-C12-HSL and C4-HSL, respectively [10]. The PQS system (Pseudomonas quinolone signal) is based on 2-alkyl-4-quinolones [11] and requires several enzymes encoded by pqsABCDE, phnAB and pqsH operons and PqsR regulator [12]. Altogether, full activation of theses QS systems enhances the production of several virulence factors such as rhamnolipids, pyocyanin, LasB elastase, hydrogen cyanide and cytotoxic lectins [9].



Many bioactive molecules have been reported to exert modulatory properties on bacterial virulence expression and most of them are naturally-derived compounds, such as halogenated C-30 and C-56 furanones, inspired from natural compounds produced by the marine macroalga Delisea pulchra, which reduce biofilm and target the QS systems in P. aeruginosa, an important human, animal and plant pathogen [13]. In view of further investigating natural products for QS-modulating properties, African medicinal plants were investigated as they represent a largely untapped source for the discovery of bioactive compounds with novel mechanisms of action [14]. Platostoma rotundifolium (Briq.) A. J. Paton is widely used in traditional Burundian medicine against microbial diseases [15] and its aerial parts were shown to contain triterpenic acids (e.g., ursolic and corrosolic acids) with direct and indirect bactericidal properties against Escherichia coli as well as sensitive and methicillin-resistant Staphylococcus aureus [16], contributing to explain its purported anti-infectious properties. In the present study, we report on antibacterial activities of P. rotundifolium extracts towards P. aeruginosa PAO1, an opportunistic pathogen which particularly infects immunocompromised patients and describe the isolation, the identification and the characterization of antibacterial properties of major isolated bioactive compounds.




2. Results


2.1. Antibacterial Activities of the P. rotundifolium Extracts


The MIC (Minimum Inhibitory Concentration) and MBC (Minimum Bactericidal Concentration) of five P. rotundifolium aerial part extracts with different degrees of polarity were higher than 4000 µg/mL on P. aeruginosa PAO1, indicating an extremely weak potential as a direct antibiotic; by comparison, the MIC and MBC for tobramycin, an antibiotic generally used to treat patients with cystic fibrosis infected by P. aeruginosa [17], were 1 and 2 µg/mL, respectively (data not shown). To investigate anti-virulence property, the effects of these P. rotundifolium extracts on the expression of two virulence factors genes (lasB, encoding for the virulence factor LasB elastase, and rhlA, encoding for the precursor of the virulence factor rhamnolipids, both genes are regulated by QS system in P. aeruginosa) as well as on biofilm formation by P. aeruginosa PAO1 were assessed. The flavanone naringenin known as virulence factor gene inhibitors [18] and the triterpenoid oleanolic acid known to reduce biofilm formation in P. aeruginosa [19] were used as positive controls. As shown in Figure 1, the ethyl acetate (EtOAc) and dichloromethane (DCM) extracts at 100 μg/mL inhibit the expression of lasB (34 ± 3% and 30 ± 6% of inhibition, respectively; Figure 1A) and rhlA (30 ± 2% and 35 ± 3% of inhibition, respectively; Figure 1B) genes without affecting bacterial growth and reduce biofilm formation by P. aeruginosa PAO1 (35 ± 3% and 43 ± 7% of inhibition, respectively; Figure 1D). Besides, these extracts had no effect on a QS-independent gene (isocitrate lyase-encoding aceA gene; Figure 1C), suggesting that the observed effects on QS genes expression is specific and does not result from a global inhibition of P. aeruginosa PAO1 metabolic activity [20]. Hexane, methanol (MeOH) and aqueous (AQ) extracts have no effect either QS-dependent (lasB and rhlA) genes expression nor on biofilm formation (Figure 1). To conclude, P. rotundifolium extracts exhibit a potential antibacterial property that is not associated with bacteriostatic and/or bactericidal activity but rather with anti-QS and anti-biofilm activities in P. aeruginosa model.


Figure 1. Anti-virulence effects of Platostoma rotundifolium extracts in P. aeruginosa PAO1: (A) effect of P. rotundifolium extracts on the expression of QS-regulated lasB gene; (B) effect of P. rotundifolium extracts on the expression of QS-regulated rhlA gene; (C) effect of P. rotundifolium extracts on the expression of QS-independent aceA gene; and (D) effect of P. rotundifolium extracts in biofilm formation. Extracts (H: n-hexane, DCM: dichloromethane, EtOAc: ethyl acetate, MeOH: methanol, AQ: aqueous) were tested at 100 µg/mL; naringenin (Nar, 4 mM) is used as a reference quorum sensing inhibitor; oleanolic acid (OA, 800 µM) is used as an anti-biofilm control and dimethylsulfoxide (DMSO, 1%) as a solvent control. The cell density of the bacteria was assessed at 600 nm (bold error bars) and gene expression was measured as the β-galactosidase activity of the lacZ gene fusions and expressed in Miller units (grey bar). Biofilm formation was quantified by crystal violet staining and measured as A590nm. Error bars represent the standard errors of the means; all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett’s test of multiple comparisons; p < 0.01).
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Since both EtOAc and DCM extracts showed practically similar TLC chromatographic profiles with higher intensity spot area for EtOAc extracts (data not shown), this latter was subjected to further chromatographic fractionations.




2.2. Fractionation of the EtOAc Extract and Isolation of Major Bioactive Compounds


P. rotundifolium EtOAc extract was fractionated by column chromatography using a gradient mixture of DCM and EtOAc with increasing polarities (10% to 100% of EtOAc). Fractions were monitored by TLC and pooled (according to their chromatographic profiles) to give eight fractions (F1–F8), which were then evaluated for their potential effects on QS-regulated lasB and rhlA gene as well as on biofilm formation. Fractions F1–F4 were all active in inhibiting lasB and rhlA gene expression, whereas only F2 and F4 inhibit biofilm formation (Figure S1). F2 fraction, the most active fraction (Figure S1) was then submitted to flash chromatography and twelve sub-fractions were collected and were further subjected to preparative TLC for the isolation of the major compounds, yielding compounds 1 (11 mg) from sub-fraction F2(7), 2 (10 mg) from sub-fraction F2(8) and 3 (7 mg) from sub-fraction F2(4) (Figure 2). The structures of isolated compounds were elucidated using NMR (1D and 2D) and high-resolution (HR) MS experiments, comparing with literature data. These compounds were identified as cassipourol (1) [21], β-sitosterol (2) [22,23] and α-amyrin (3) [24,25,26] (Tables S2 and S3, Figure 2).


Figure 2. Structures of isolated bioactive terpenoids from P. rotundifolium. Cassipourol, β-sitosterol and α-amyrin (compounds 1–3, respectively).
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2.3. Isolated Compounds Exert Anti-QS and/or Anti-Biofilm Properties on P. aeruginosa PAO1


Cassipourol, β-sitosterol and α-amyrin were investigated for their effects on QS-regulated lasB and rhlA genes expression, QS-related virulence factors production and biofilm formation in P. aeruginosa PAO1. Isolated compounds were tested at 200 µM, an arbitrary concentration previously used by Rasamiravaka et al. [4] to investigate anti-virulence activities of terpenoids compounds. As shown in Figure 3, cassipourol and β-sitosterol, at 200 µM, significantly reduce the expression of lasB (37 ± 4% and 25 ± 5% of inhibition, respectively; Figure 3A) and rhlA (46 ± 4% and 32 ± 5% of inhibition, respectively; Figure 3B), without affecting P. aeruginosa growth and the expression of the QS-independent gene aceA (Figure 3C), whereas α-amyrin had no effect on the expression of these genes. Besides, when P. aeruginosa PAO1 was grown in the presence of cassipourol or β-sitosterol, a drastic inhibition of the production of pyocyanin (75 ± 4% and 44 ± 3% of inhibition, respectively; Figure 3D) and rhamnolipids (45 ± 4% and 34 ± 3% of inhibition, respectively; Figure 3E) was recorded. This effect was not observed in presence of α-amyrin. Interestingly, Cassipourol, β-sitosterol and α-amyrin inhibited biofilm formation (52 ± 4%, 44 ± 3% and 55 ± 2%, respectively; Figure 3F). To ensure that the decrease in biofilm biomass and virulence factors production is not due to an inhibition of growth, growth kinetics and CFU measurements were recorded in the presence of cassipourol, β-sitosterol or α-amyrin at 200 µM. As shown by turbidity (Figure 4A) and CFU (Figure 4B,C) measurements, the cell growth and viability of P. aeruginosa PAO1 were not affected by any of these compounds over all stages of bacterial growth.


Figure 3. Anti-virulence effects of isolated compounds from P. rotundifolium EtOAc extracts in P. aeruginosa PAO1: (A) effect of isolated compounds on the expression of QS-regulated lasB gene; (B) effect of isolated compounds on the expression of QS-regulated rhlA gene; (C) effect of isolated compounds on the expression of QS-independent aceA gene; (D) effect of isolated compounds in biofilm formation; (E) effect of isolated compounds on pyocyanin production; and (F) effect of isolated compounds on rhamnolipids production. Each isolated compound was tested at 200 µM; naringenin (Nar, 4 mM) is used as a reference QS inhibitor; oleanolic acid (OA, 800 µM) is used as an anti-biofilm control and dimethylsulfoxide (DMSO, 1%) as a solvent control. The cell density of the bacteria was assessed at 600 nm (bold error bars) and gene expression was measured as the β-galactosidase activity of the lacZ gene fusions and expressed in Miller units (grey bar). Biofilm formation was quantified by crystal violet staining and measured at A590nm. Pyocyanin was extracted, quantified by absorbance measurements at 380 nm and calculated as the ratio between A380nm and A600nm. The rhamnolipids production was measured using methylene-blue-based method and expressed in µg/mL. Error bars represent the standard errors of the means; all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett’s test of multiple comparisons; p < 0.01). AMY: α-amyrin; CAS: cassipourol; and SIT: β-sitosterol.
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Figure 4. Effect of cassipourol, β-sitosterol and α-amyrin on the growth and viability of P. aeruginosa PAO1. (A) Growth kinetics of PAO1 in presence of cassipourol or β-sitosterol or α-amyrin at 200 µM or DMSO 1% over a period of 22 h. The cell density of the bacteria was assessed as A600nm and colony forming units (CFU) were quantified after: 6 h (B); and 18 h (C). The statistical significance of each test (n = 3) was evaluated by conducting One-way ANOVA followed by Dunnett’s test of multiple comparisons (i.e., each test was compared with the control condition, DMSO), and a p value of <0.01 was considered as significant.
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2.4. Cassipourol and β-Sitosterol Affect the Expression of lasI/R, rhlI/R in P. aeruginosa PAO1 but Not the Global Activator Genes gacA and vfr


As cassipourol and β-sitosterol impact on QS-dependent rhlA and lasB gene expression, we evaluated the impact of both compounds on QS-regulatory lasI/R and rhlI/R genes that positively control the expression of rhlA and lasB genes [27]. Similarly, we evaluated their impact on the global activators gacA and vfr that exert positive effects on the transcriptional regulators LasR and RhlR [28,29]. Cassipourol and β-sitosterol at 200 µM significantly reduce the expression of the lasI and lasR genes (50 ± 3% and 43 ± 5% of inhibition, respectively; Figure 5A) and of the rhlI and rhlR genes (44 ± 3% and 39 ± 3% of inhibition, respectively; Figure 5B) but not of the global activator genes gacA and vfr (Figure 5C). This suggests that both compounds impair QS at the level of the las and rhl systems circuitry in P. aeruginosa PAO1, which consequently reduce the production of pyocyanin (Figure 3D) and rhamnolipids (Figure 3E).


Figure 5. Effect of cassipourol and β-sitosterol on QS genes (lasI/R and rhlI/R) and global activator genes (gacA and vfr) expression in P. aeruginosa PAO1: (A) effect of cassipourol, β-sitosterol and α-amyrin on lasR (grey bar) and lasI (clear bar) expression following 18 h of growth; (B) effect of cassipourol, β-sitosterol and α-amyrin on rhlR (grey bar) and rhlI (clear bar) expression following 18 h of growth; and (C) effect of cassipourol, β-sitosterol and α-amyrin on gacA (grey bar) and vfr (clear bar) expression following 18 h of growth. Each isolated compound was tested at 200 µM. Naringenin (Nar, 4 mM) or Azithromycin (AZM, 2 µg/mL = 2 µM) are used as a quorum sensing inhibitor control. Gene expression was measured as the β-galactosidase activity of the lacZ gene fusions and expressed in Miller units. Error bars represent the standard errors of the means; all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett’s test of multiple comparisons; p < 0.01).
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2.5. Isolated Terpenoids Disrupt the P. aeruginosa PAO1 Biofilm Formation in a Dose-Dependent Manner


As three compounds inhibit biofilm formation, we further characterize this anti-biofilm property by primarily investigating their effects in a dose-dependent manner. As a result, anti-biofilm activity is greatly enhanced by increasing the concentrations of tested compounds (Figure 6), suggesting a dose-dependent activity for cassipourol (in the range 12.5–800 µM; IC50 of 180 µM), β-sitosterol (50–800 µM; IC50 of 200) and α-amyrin (50–800 µM; IC50 of 190). Additionally, in the testing for synergies by checkerboard method, combinations of active compounds reveal indifferent FIC indexes (FICI cassipourol (100 µM)/α-amyrin (100 µM) = 1; FICI cassipourol (100 µM)/β-sitosterol (100 µM) = 1; FICI β-sitosterol (100 µM)/α-amyrin (100 µM) = 1).


Figure 6. Dose-dependent anti-biofilm activity of: cassipourol (A); β-sitosterol (B); and α-amyrin (C). The biofilm formation of P. aeruginosa PAO1 grown in minimal medium supplemented with DMSO 1%, oleanolic acid 800 μM (OA) or different concentrations of purified compounds (from 6.25 to 800 µM) after incubation without agitation at 37 °C for 24 h. Biofilm formation was quantified by crystal violet staining and measured as A590nm. All experiments were performed in triplicate with three independent assays. Error bars represent the standard errors of the means; all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett’s test of multiple comparisons; p < 0.01).
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2.6. Isolated Terpenoids Disrupt the P. aeruginosa PAO1 Biofilm Phenotype


Fluorescence microscopy indicated that P. aeruginosa PAO1 grown for 24 h in static control condition forms a thick and homogenous biofilm layer on coverslips with good cell-to-cell connections interspaced by uncolonized surfaces (Figure 7; DMSO). By contrast, cassipourol-, β-sitosterol-, α-amyrin-treated P. aeruginosa PAO1 cells failed to establish compact cell-to-cell attachment resulting in a reduction of microcolonies confluence (Figure 7). As the three compounds impair the formation of P. aeruginosa PAO1 biofilms, we further examined theirs impact on pre-formed P. aeruginosa PAO1 biofilm. As shown in Figure 8, the addition of cassipourol, β-sitosterol and α-amyrin to one-day-old pre-formed biofilms results in a loss of compact and heterogeneous structures, leading to biofilms mainly composed by isolated bacterial clumps and disorganized microcolonies structure. This remarkable modification is confirmed by a quantitative reduction of biofilm as measured by crystal violet method (for cassipourol-, β-sitosterol and α-amyrin, 47 ± 3%, 34 ± 3% and 38 ± 2% of reduction, respectively; Figure 8). Conversely, a two-fold increase of planktonic bacteria population is recorded for treated cultures by CFU quantification (Figure 8), suggesting that these compounds induce bacterial dispersion out of a pre-formed biofilm.


Figure 7. P. aeruginosa PAO1 biofilm phenotypes as affected by cassipourol or β-sitosterol or α-amyrin. P. aeruginosa PAO1 cells were incubated statically at 37 °C for 24 h for biofilm formation in presence of DMSO 1%, or cassipourol (CAS) or β-sitosterol (SIT) or α-amyrin (AMY) at 100 µM. Cells were visualized after staining with SYTO-9 (green fluorescence for living bacteria) and propidium iodide (red fluorescence for dead bacteria) furnished in the LIVE/DEAD BacLight kit. Fluorescence microscopy was achieved by using a Leica DM IRE2 inverted fluorescence microscope using a 40× objective lens and images were false-colored and assembled using Adobe Photoshop.
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Figure 8. Effect of cassipourol, β-sitosterol and α-amyrin on a one-day-old preformed biofilm by P. aeruginosa PAO1. P. aeruginosa PAO1 cells were incubated for 24 h and then treated or not for 24 h with DMSO 1%, or cassipourol (CAS) or β-sitosterol (SIT) or α-amyrin (AMY) at 100 µM. Biofilm phenotypes were visualized as in Figure 6. Additionally, biofilm formation was quantified by crystal violet staining and measured as A590nm and CFU measurement of planktonic bacteria and biofilm-encapsulated bacteria treated for 24 h with DMSO 1% or cassipourol (CAS) or β-sitosterol (SIT) or α-amyrin (AMY) at 100 µM on a one-day-old culture. Quantification of biofilm formation by P. aeruginosa grown in in minimal media (grey bar) and CFU measurement (clear bar) of planktonic bacteria after static incubation at 37 °C for 24 h. Biofilm formation was quantified by crystal violet staining and measured at A590nm and planktonic bacteria by CFU measurement. Error bars represent the standard errors of the means; all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett's test of multiple comparisons; p < 0.01).



[image: Ijms 18 01270 g008]







2.7. Isolated Terpenoids Exhibit Synergistic Activity with Tobramycin against Biofilm-Encapsulated P. aeruginosa PAO1


Given the disruption of biofilm structure induced by the isolated P. rotundifolium terpenoids, we hypothesized that biofilm-encapsulated bacteria would become more accessible to an antibiotic treatment. Accordingly, the effectiveness of tobramycin combined with purified compounds was evaluated on one-day-old biofilms. The addition of cassipourol, β-sitosterol or α-amyrin (100 µM) considerably improved the effectiveness of tobramycin (50 μg/mL = 107 µM) against P. aeruginosa PA01 (Figure 9) with a drastic reduction in cell viability of biofilm-encapsulated bacteria (89 ± 2%, 69 ± 2% and 71 ± 2%, respectively versus 40 ± 5% for DMSO treatment). As such effects may arise from a simple synergistic effect between tested compounds and tobramycin, thus we evaluated the FIC index of terpenoid-tobramycin combinations in P. aeruginosa planktonic stage by checkerboard method, in the concentrations range 6.25–800 µM. Results show that there is no synergistic effect but rather indifference (FICI tobramycin/α-amyrin = 1; FICI tobramycin/β-sitosterol = 1; FICI tobramycin/α-amyrin = 1), suggesting that the increased effectiveness of tobramycin in biofilm-encapsulated bacteria is not associated with an increase of the intrinsic antibiotic activity of tobramycin.


Figure 9. Synergistic activity of cassipourol, β-sitosterol and α-amyrin with tobramycin against biofilm-encapsulated P. aeruginosa PAO1. P. aeruginosa PAO1 cells were incubated statically for 24 h and then treated for 24 h with tobramycin (50 μg/mL = 107 µM) alone or with DMSO 1% or cassipourol (100 μM) or β-sitosterol (100 µM) or α-amyrin (100 µM). Assessment of bacterial viability and microscopy were performed as in Figure 6 and Figure 7. Error bars represent the standard errors of the means; all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett’s test of multiple comparisons; p < 0.01).
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2.8. Isolated Terpenoids Affect P. aeruginosa PAO1 Swimming and Swarming but Not Twitching Motilities


Figure 10 shows that motilities are differently affected by the three isolated terpenoids. Although the swimming motility is promoted in presence of cassipourol (84 ± 4% promotion), β-sitosterol (110 ± 6%) and α-amyrin (104 ± 5%) (Figure 10A), the swarming motility is promoted only by cassipourol (80 ± 6%) and α-amyrin (103 ± 4%) (Figure 10B), and the twitching motility does not appear to be affected by any of the isolated terpenoids (Figure 10C). Globally, these results are correlated with the increased proportion of planktonic bacteria population in presence of these terpenoids (Figure 8).


Figure 10. Effect of cassipourol, β-sitosterol and α-amyrin on P. aeruginosa PAO1 motilities. (A) Swimming motility of P. aeruginosa PAO1 onto LB agar (0.3%) supplemented with DMSO (1%) or cassipourol (CAS, 100 μM), β-sitosterol (SIT, 100 μM) or α-amyrin (AMY, 100 μM); (B) Swarming motility of P. aeruginosa PAO1 onto LB agar (0.6%) supplemented with glutamate (0.05%), glucose (0.2%) and DMSO (1%) or cassipourol (CAS, 100 μM), β-sitosterol (SIT, 100 μM) or α-amyrin (AMY, 100 μM). After incubation at 37 °C for 24 h, the zones of migration (down) from the point of inoculation were measured (up) for each condition; and (C) Twitching motility of P. aeruginosa PAO1 onto LB agar (1%) supplemented with DMSO (1%) or cassipourol (CAS, 100 μM), β-sitosterol (SIT, 100 μM) or α-amyrin (AMY, 100 μM). The twitching zones were stained (down) and their diameters (up) measured after incubation at 37 °C for 48 h. Error bars represent the standard errors of the means and all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett’s test of multiple comparisons; p < 0.01).
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2.9. Isolated Terpenoids Reduce Total Extracellular Polysaccharides


Microbial cells in biofilm are covered by extracellular polymeric substance mainly composed of polysaccharides. P. aeruginosa produces three polysaccharides (Alginate, Pel and Psl) that are determinant for the stability of the biofilm structure [30]. As shown in Figure 11A, the amounts of extracellular polysaccharides produced by P. aeruginosa PAO1 over 24 h growth were reduced in cassipourol-, β-sitosterol- and α-amyrin-treated P. aeruginosa PAO1 cells (65 ± 3%, 42 ± 3% and 30 ± 2% inhibition, respectively) whereas the production of the acidic polysaccharide alginate was not impacted (Figure 11B). Interestingly, cassipourol, β-sitosterol and α-amyrin reduced the expression of the pelA gene (45 ± 5%, 32 ± 7% and 40 ± 7% inhibition, respectively; Figure 11C) encoding for a protein with a predicted polysaccharide deacetylase and glycoside hydrolase domain implicated in the production of Pel, a cationic polysaccharide that crosslinks extra-cellular DNA [31,32]. This suggests that the global extracellular polysaccharides reduction is at least in part related to a decrease in Pel polysaccharides, which consequently weakens the biofilm structures of P. aeruginosa PAO1.


Figure 11. Effect of cassipourol, β-sitosterol and α-amyrin on extracellular polysaccharides production by P. aeruginosa PAO1. (A) Quantification of total extracellular polysaccharides: The cell density of the bacteria was assessed at 600 nm and extracellular polysaccharides production was measured using Phenol-Sulfuric Acid method and expressed in μg/mL with glucose as standard; (B) Quantification of alginate: The cell density of the bacteria was assessed at 600 nm and alginate production was measured using carbazole method and expressed in μg/mL with sodium alginate as standard; and (C) Effect of cassipourol, β-sitosterol and α-amyrin on the expression of pelA gene: Gene expression was measured as the β-galactosidase activity of the lacZ gene fusions and expressed in Miller units. Each compound was tested at 100 µM. Error bars represent the standard errors of the means; all experiments were performed in quintuplicate with three independent assays and asterisks indicate samples that are significantly different from the DMSO (One-way ANOVA followed by Dunnett’s test of multiple comparisons; p ≤ 0.01).
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3. Discussion


Medicinal plants have been used for millennia to treat and appease various ailments, notably diseases mediated by pathogenic bacteria [14,15]. Recent findings indicate that, beyond their curative effectiveness through a bactericide or bacteriostatic mode of action, plant bioactive constituents can also contribute to limit the development of bacteria within infected hosts through the disruption of bacterial virulence, undermining the strength of pathogenic bacteria [33,34]. Direct and indirect bactericidal properties of P. rotundifolium triterpenic acids (e.g., ursolic and corrosolic acids) against Gram-positive S. aureus (sensitive and methicillin-resistant) and Gram-negative E. coli have already been described by our group [16]. The present study indicates that the aerial part of P. rotundifolium exert anti-virulence rather than bactericidal activities towards the Gram-negative opportunistic pathogen P. aeruginosa. Thus, P. rotundifolium produces myriad of secondary metabolites which exert bactericidal and/or anti-virulence activity against different bacteria species which may increase the probability of plant defense success against bacterial invasion.



Although this is the first report of such properties on Platostoma genus, other plants species in the Lamiaceae family have already shown bacterial anti-virulence properties. For instance, the aqueous extracts of Ocimum sanctum L. (Lamiaceae) reduce the QS-mediated production of violacein in Chromobacterium violaceum as well as the production of pyocyanin, staphylolytic protease, elastase and biofilm in P. aeruginosa PAO1 without affecting bacterial growth [35]. Likewise, five Lamiaceae ethanolic extracts (Thymus vulgaris L., Ocimum basilicum L., Origanum vulgare L., Salvia officinalis L. and Rosmarinus officinalis L.) inhibited QS-mediated virulence factors in P. aeruginosa. Thymol, a phenolic monoterpene isolated from Thymus vulgaris has been shown to be one of the active components [36].



Herein, the bioguided fractionation of the P. rotundifolium EtOAc extract led to the isolation of three non-bactericidal terpenoids that present anti-virulence properties on biofilm and QS, inhibiting the QS-dependent expression of rhlA and lasB genes and reducing the production of virulence factors, pyocyanin and rhamnolipids. Among the isolated compounds, cassipourol is isolated for the first time from the genus Platostoma. To the best of our knowledge, its anti-QS and anti-biofilm properties on P. aeruginosa are also reported for the first time in this work. The two other isolated compounds, β-sitosterol and α-amyrin, were known in the literature for their anti-biofilm properties on Listeria monocytogenes at 1 mM [37] and on P. aeruginosa at 75 µM [38], respectively.



According to the literature, several terpenoids have been shown to exhibit bacterial anti-virulence activities. For instance, some terpenoids inhibit: (i) the morphogenesis, adhesion, and biofilm formation in Candida albicans as the example of linalool and farnesol [39]; (ii) the biofilm formation and elastase production in P. aeruginosa and Staphylococcus aureus as the example of viridiflorol, ursolic and betulinic acids [40]; or (iii) the production of native auto-inducers acylhomoserine lactones in P. aeruginosa [41] and the QS-controlled violacein production in C. violaceum as the example of the sesquiterpene lactones derivatives [42].



Cassipourol and α-amyrin inhibit biofilm formation and conversely improve the two flagellar-dependent (swimming and swarming) motilities, promoting planktonic lifestyle in P. aeruginosa PAO1. This phenotype is mostly observed in P. aeruginosa with low levels of intracellular c-di-GMP where bacterial dispersion and planktonic lifestyle are promoted to the detriment of structured biofilm [43]. In addition, study conducted by Chua et al. [44] have demonstrated that the expression of the pelA gene is positively regulated by c-di-GMP by using construction strain harboring PBAD-yhjH vector with Ppel-lacZ fusion which overproduce phosphodiesterase in presence of arabinose leading to an increase degradation of c-di-GMP. Accordingly, additional experiments that explore the c-di-GMP pool concentration in P. aeruginosa PAO1 treated with these compounds should be carried out in order address any implication of c-di-GMP concentration fluctuation. Intriguingly, swarming motility of P. aeruginosa PAO1 is not promoted in presence of β-sitosterol contrary to swimming motility. As swarming motility is also influenced by type IV pili [45] and rhamnolipids [46], it is suggested that these factors may be differently affected in presence of β-sitosterol, cassipourol and α-amyrin leading to variation in swarming motility phenotype. However, the swarming spreading in LB medium is quite difficult to appreciate; the use of another medium, such as the iron-limited medium [47] might be more adequate to appreciate the bacterial spreading and to confirm the hyper-swarming motility phenotype (Figure 10B).



In P. aeruginosa PAO1, Psl polysaccharide is also important for biofilm formation [48]. Indeed, Psl functions as a scaffold, holding biofilm cells together in the matrix and the psl operon was shown to be essential for biofilm formation in PAO1 strains as Psl is involved in early- and late-stages of biofilm development and needed for maintenance of the biofilm structure post-attachment [49]. Interestingly, Wagner [50] demonstrated through microarray analysis that gene pslB was QS regulated in the P. aeruginosa PAO1, and Gilbert et al. [51] demonstrated that LasR could bind to the promoter region of the psl operon, suggesting the link between QS and the expression of the psl locus. Thus, Psl polysaccharides might be at the crossroad of QS and biofilm formation intrication. Consequently, quantification of Psl polysaccharides in presence of these compounds should be carried out to detect an eventual decrease in Psl polysaccharide production. Beyond the plausible disruption of las and rhl systems, the decrease of pyocyanin production could also suggest a disruption of PQS system circuitry. Indeed, the complex formed by PQS signal molecule and PqsR are directly implicated in activation of pyocyanin production independently of rhl system [52]. Thus, impact of these compounds on PQS system should be carried out by using for instance biosensor-based assay proposed by Fletcher et al. [53] which will allow evaluating the production of PQS signal molecules in presence of these compounds.



Nevertheless, the biofilm structures of P. aeruginosa PAO1 induced by these compounds are drastically impaired, suggesting that the modulation of c-di-GMP concentration and/or the QS system circuitry may not be enough to explain the overall observed biofilm phenotype alteration. Altogether, the three isolated terpenoids exert a wide range of anti-virulence activities, suggesting complex mechanisms of action that deserve further transcriptomic analysis to better characterize their impact on P. aeruginosa PAO1 behavior. Interestingly, the chemical backbone of cassipourol presents structural similarities to the native auto-inducers acylhomoserine lactones (AHLs: N-(3-oxododecanoyl)-l-homoserine lactone and N-butanoyl-l-homoserine lactone; Figure S2) which bind the transcriptional regulators LasR and RhlR, respectively, to induce virulence factors gene expression in P. aeruginosa PAO1, including the rhlA and lasB genes [9]. This plausible interaction of cassipourol with the ligand-binding domains in LasR and RhlR should be investigated as well as its possible competition with AHLs for LasR and/or RhlR binding. Likewise, α-amyrin shares chemical features with ursolic acid (Figure S2) which is known to inhibit biofilm formation by P. aeruginosa and to promote motility without interfering with QS [40,54]. Actually, α-amyrin is the biosynthesis precursor of ursolic acid [55], which suggests that other ursane-type triterpenes may exert anti-biofilm properties with similar mechanisms of action.



Their abilities to disperse preformed biofilm and to improve the effectiveness of tobramycin towards biofilm-encapsulated P. aeruginosa PAO1 are encouraging for further investigation in eventual therapeutic and/or industrial application and it would be interesting to evaluate their in vivo effect in a model of infection (e.g., Galleria mellonella) [56]. It should be noted that: (i) cassipourol exhibits cytotoxicity with IC50 values of 2.4 and 2.8 μg/mL (8.2 and 9.5 µM) against the A2780 human ovarian cancer cell line [21] and larvicidal activity against Culex quinquefasciatus [57]; (ii) the cytotoxicity of α-amyrin has not been reported yet conversely to its anomer β-amyrin which exhibited weak cytotoxic activities against human bladder cancer cells (NTUB1) [58]; and (iii) β-sitosterol is already used and commercialized as dietary supplement without genotoxicity and cytotoxicity [59].



Cassipourol exerts a wider range of activities, at lower concentrations compared to β-sitosterol and α-amyrin, and appears as the best synthon for further structure-activity studies for developing more active, non-toxic and stable compounds which could be used to restrict the virulence of important pathogenic bacteria.




4. Materials and Methods


4.1. Plant Material and Extracts


Platostoma rotundifolium (Briq.) A.J. Paton aerial parts (mostly composed by leaves, stems and flowers) were harvested from the Nyabiraba area (1730 m, S 03.45325°, E 029.47607°) in Bujumbura Rural Province (Burundi). The plant was identified by the specialists of the Herbarium of the National Botanical Garden of Belgium where a voucher specimen has been deposited under the number BR0000013315900. Plant extraction was conducted as previously described [16]. Briefly, 1700 g of powdered plant material were successively extracted by 8 L of each of five solvents of increasing polarities (n-hexane, dichloromethane, ethyl acetate, methanol and water), yielding 16.4, 49.9, 18.4, 52.8 and 125.6 g, respectively. Plant extracts were stored at −20 °C until use and a portion of each extract was dissolved in dimethylsulfoxide (DMSO) to get appropriate concentrations for biological tests.




4.2. Bacterial Strains, Plasmids, and Culture Conditions


P. aeruginosa PAO1 strain and its derivatives (Table S1) were grown (37 °C, agitation 175 rpm) in LB-MOPS broth (50 mM, pH 7) supplemented with carbenicillin (300 µg/mL) or tetracycline (15 µg/mL) when appropriate. Plasmids (Table S1) were used and introduced in P. aeruginosa PAO1 as previously described [60]. PAO1/PpelA-lacZ strains were obtained from Singapore Centre on Environmental Life Sciences Engineering (SCELSE), Nanyang Technological University, Singapore.




4.3. Chemicals and Solvents


Naringenin and oleanolic acid were purchased from Sigma-Aldrich and dissolved in 100% DMSO. Antimicrobial drugs (tobramycin and azithromycin) were purchased from TCI® (Tokyo chemical industry Co., LTD, Tokyo Japan) and dissolved in deionized water. Solvents were analytical grade, obtained from VWR International (Leuven, Belgium) and redistilled before use. All other chemicals were also analytical grade and purchased from Sigma Aldrich (St. Louis, MO, USA).




4.4. Antibacterial Assay and Assessment of Kinetic Bacterial Growth


For MIC (Minimum Inhibitory Concentration) and MBC (Minimum Bactericidal Concentration) determination, P. aeruginosa PAO1 was grown on 24-well microplates with 1 mL of LB broth in presence of Platostoma rotundifolium extracts or fractions or purified compounds at different concentrations (from 31.25 to 4000 µg/mL) and incubated at 37 °C for 24 h. The MIC was defined as the lowest antimicrobial concentration that completely inhibited growth as detected by the naked eye [61]. All inhibited growth cultures were then sub-cultured onto LB agar plate and incubated at 37 °C for 24 h to determine the MBC which was defined as the lowest concentration that yielded negative sub-cultures [62]. Tobramycin, a widely used antibiotic to treat P. aeruginosa lung infection in cystic fibrosis patients was selected as positive control [17]. Additionally, the effect of active compounds on P. aeruginosa PAO1 growth kinetic was assessed by evaluating PAO1 cell density at A600nm with a SpectraMax M2 device (Molecular Devices, Silicon Valley, CA, USA) over 22 h culture, confirmed by cell counting (colony-forming units, CFU) at times 8 and 18 h.




4.5. Gene Expression and β-Galactosidase Measurements


To monitor gene expression, the β-Galactosidase activity induced by reporter genes was measured using o-nitrophenyl-β-d-galactopyranoside [20,63]. After growth in liquid LB-MOPS-Carbenicillin (or LB-MOPS-tetracyclin for PAO1/PpelA-lacZ; antibiotics were used to avoid the growth of undesired strains) at 37 °C and 175 rpm for 18 h, P. aeruginosa PAO1 reporter strains were washed twice in fresh LB medium and resuspended in liquid LB-MOPS-Carbenicillin. P. aeruginosa PAO1 reporter strains inoculums (50 µL) were incubated (37 °C with 175 rpm agitation) for 18 h in 1 mL LB-MOPS-Carbenicillin (initial A600nm of culture comprised between 0.020 and 0.025) supplemented with 10 µL of tested samples (including plant extracts, fractions of the ethyl acetate extract and purified compounds dissolved in DMSO) to reach a final concentration of 100 µg/mL or 10 µL of DMSO (1%, v/v). Additionally, naringenin or azithromycin, known as QS quenchers [18,64] were used as positive controls. After incubation, the bacterial density was assessed by spectrophotometry (A600nm) and the gene expression by the β-galactosidase assay.




4.6. Quantitative Analysis of Pyocyanin and Rhamnolipids Production


The production of pyocyanin was assessed according to previously described procedures [65,66]. P. aeruginosa PAO1 was grown for 18 h in liquid LB-MOPS. PAO1 cell suspension (50 µL) was added to 1 mL of LB-MOPS (starting A600nm ranged between 0.02 and 0.025) supplemented with 10 µL of purified compounds dissolved in DMSO (100 µg/mL) or 10 µL of DMSO (1 %, v/v). After 18 h of growth, samples were taken to assess growth (A600nm) and pyocyanin production. Rhamnolipids were extracted and quantified by a methylene-blue-based method as described by Rasamiravaka et al. [67].




4.7. Biofilm Visualization and Quantification


P. aeruginosa PAO1 were grown overnight in LB medium at 37 °C with agitation and diluted with Biofilm Broth (BB) medium as described by Khalilzadeh et al. [68]; 25 µL of the diluted culture were added to 470 µL of BB medium (initial A600nm of culture comprised between 0.14 and 0.16) supplemented with 5 µL of DMSO (1%, v/v) or plant extracts (100 µg/mL) or fractions of ethyl acetate extract (100 µg/mL) or purified compounds (from 6.25 to 800 µM) or oleanolic acid (800 µM) [19]. Depending on experiments, planktonic bacteria were discarded or transferred in sterile tube to assess the proportion of planktonic bacteria by colony forming units (CFU) measurement. The biofilms were washed three times with water (2 mL) and fixed with 2 mL of methanol (99%). After 15 min, the methanol was discarded, and the plates were dried at room temperature. Crystal violet (0.1% in water) was then added to each well (2 mL/well), and the plates were incubated for 30 min at room temperature. Crystal violet was then discarded, and stained biofilms were washed three times with 1 mL of water. Acetic acid (33% in water) was added to the stained biofilms (2 mL) in order to solubilize the crystal violet, and the absorbance of the solution was measured at 590 nm with a SpectraMax M2 device (Molecular Devices). To evaluate the impact of compounds on preformed biofilms, P. aeruginosa PAO1 cells were grown statically for 24 h to form biofilm; 1 mL of bacterial culture was then supplemented with 10 µL of DMSO (1%, v/v) or purified compounds (100 µM) for a further 24 h incubation and the biofilms were examined following the above procedure. Minimum biofilm inhibitory concentration 50% (MBIC50) of each compound and their eventual synergistic effects were investigated by using a checkerboard method [69] with concentrations from 6.25 to 800 µM. The Fractional Inhibitory Concentration Index (FICI) were calculated as follows: FICI = FICA + FICB; where FICA is the MBIC50 of drug A in combination/MBIC50 drug A alone and FICB is MBIC50 of drug B in combination/MBIC50 drug B alone. The interpretation was made as follows: Antagonistic (≥2), Indifferent (2 to 0.5), or Synergistic (≤0.5) [70]. All assays were performed in triplicate and repeated thrice.



The biofilm formation by P. aeruginosa PAO1 cells was also examined in glass coverslips cultures by fluorescence microscopy. The biofilm development and bacterial viability in biofilms were assessed using the LIVE/DEAD®BacLight™ bacterial viability kit (Invitrogen, Molecular probes). The growth medium was removed and replaced by 500 µL of a solution of SYTO 9 and propidium iodide diluted 400 fold in BB medium. Biofilms were incubated for 15 min and P. aeruginosa PAO1 cells were examined using a Leica DM IRE2 inverted fluorescence microscope coupled to a CCD camera (Leica DC350 FX, Leica Microsystems Inc., Bannockburn, IL, USA) and equipped with FITC and Texas red filters. Additionally, the antibiotic susceptibility of biofilm-encapsulated P. aeruginosa PAO1 cells was assessed using tobramycin as previously described [4]. Briefly, P. aeruginosa PAO1 cells were grown statically for 24 h to form biofilms, incubated with tobramycin (50 μg/mL = 107 µM) and DMSO (1%) or purified compounds (100 µM) for a further 24 h and assessed using the LIVE/DEAD BacLight™ kit. To estimate the % viability of biofilm-encapsulated bacteria for each treatment, the glass coverslip was submerged in 2 mL of PBS solution and sonicated (WVR™ Ultrasonic cleaner, HF45KHz, 80W) for 1 min in order to unbind the biofilm. The collected biofilm suspension was adjusted to 0.5 A600nm and then assessed for viability using the LIVE/DEAD®BacLight™ kit (Thermofisher Scientific, Waltham, MA, USA) according to the fluorescence microplate reader protocol described by the manufacturer.




4.8. Total Extracellular Polysaccharides and Alginate Quantification


Extracellular polysaccharides were extracted with ethanol and quantified with the phenol-sulfuric acid method described by Rasamiravaka et al. [4]. Alginate was extracted by cetyl pyridinium chloride precipitation and quantified by a modified carbazole-based method that detects uronic acids, as described by Rasamiravaka et al. [4].




4.9. Motility Assays


Swimming, swarming and twitching motilities were examined by using LB agar (0.3, 0.6 and 1%, respectively) as previously described by Rasamiravaka et al. [71] and Ha et al. [72]. After sterilizing and cooling (45–50 °C) LB agar, the test solutions were added (DMSO (1%; negative control) or purified compounds (100µM)), the medium was poured into compartmented Petri dishes and cooled to room temperature. Five microliters of bacterial culture (A600 = 1) were inoculated at the center of each compartment of the Petri dishes and incubated at 37 °C for 24 h (for swimming and swarming) or 48 h (for twitching motility). Bacteria spreading from the inoculation spot were measured with sliding caliper. For twitching motility, the agar was discarded from petri dish; twitching motility zones were visualized by staining for 1 min with 0.1% (w/v) of crystal violet as proposed by Darzins [73] and diameters measured.





5. Conclusions


The present study reports on the isolation, the identification and the characterization of anti-virulence properties of three terpenoids (cassipourol, β-sitosterol, α-amyrin) from Platostoma rotundifolium. Altogether, these non-microbicidal anti-virulence properties make terpenoids potential therapeutic agents against bacterial virulence, especially against major pathogenic bacteria such as P. aeuginosa, and support the wide anti-infectious use of P. rotundifolium in traditional Burundian medicine.








Supplementary Materials


Supplementary materials can be found at www.mdpi.com/1422-0067/18/6/1270/s1.





Acknowledgments


We would like to thank Barbara Iglewski, Rochester University (School of Medicine and Dentistry), USA, for kindly providing plasmids pPCS1001, pLPR1 and pPCS1002; Junichi Kato, Hiroshima University (Department of Molecular Biotechnology), Japan, for kindly providing plasmids pQF50, pb01, pb02 and pb03; Helmut Görisch, Technische Universität Berlin (Fachgebiet Technische Biochemie, Institut für Biotechnologie), Germany, for kindly providing plasmid pTB4124; Liang Yang (Singapore Centre on Environmental Life Sciences Engineering (SCELSE), Nanyang Technological University) Singapore, for kindly providing PAO1/PpelA-lacZ strain; and David Perez Morga (Centre for Microscopy and Molecular Imaging and Institut de Biologie et de Médecine Moléculaire, Université Libre de Bruxelles, Belgium) for kindly providing access to and helping with the use of the Leica DM IRE2 inverted fluorescence microscope. The technical help of Marie Faes and Olivier Vaillant is gratefully acknowledged.




Author Contributions


Tsiry Rasamiravaka and Pierre Duez designed the work; Jérémie Ngezahayo, Léonard Hari and Sofia Oliveira Ribeiro collected the plant materials and isolated the purified compounds; Jérémie Ngezahayo, Laurent Pottier and Florence Souard identified the purified compounds; Tsiry Rasamiravaka investigated and analyzed the plant extracts and purified compounds activities; Jérémie Ngezahayo, Tsiry Rasamiravaka drafted the work; and Mondher El Jaziri, Caroline Stévigny and Pierre Duez revised it critically for important intellectual content and for the final version to be published.




Conflicts of Interest


The authors declare no conflict of interest.




Abbreviations




	AHLs
	Acyl Homoserine Lactones



	FICI
	Fractional Inhibitory Concentration Index



	MBC
	Minimum Bactericidal Concentration



	MIC
	Minimum Inhibitory Concentration



	QS
	Quorum Sensing







References


	1. 
Wu, H.J.; Wang, A.H.; Jennings, M.P. Discovery of virulence factors of pathogenic bacteria. Curr. Opin. Chem. Biol. 2008, 12, 93–101. [Google Scholar] [CrossRef] [PubMed]

	2. 
Heras, B.; Scanlon, M.J.; Martin, J.L. Targeting virulence not viability in the search for future antibacterials. Br. J. Clin. Pharmacol. 2015, 79, 208–215. [Google Scholar] [CrossRef] [PubMed]

	3. 
Rasamiravaka, T.; Labtani, Q.; Duez, P.; El Jaziri, M. The formation of biofilms by Pseudomonas aeruginosa: A review of the natural and synthetic compounds interfering with control mechanisms. BioMed Res. Int. 2015, 2015, 759348:1–759348:17. [Google Scholar] [CrossRef] [PubMed]

	4. 
Rasamiravaka, T.; Vandeputte, O.M.; Pottier, L.; Huet, J.; Rabemanantsoa, C.; Kiendrebeogo, M.; Stévigny, C.; Duez, P.; El Jaziri, M. Pseudomonas aeruginosa biofilm formation and persistence, along with the production of quorum sensing dependent virulence factors, are disrupted by a triterpenoid coumarate ester isolated from Dalbergia trichocarpa, a tropical “legume”. PLoS ONE 2015, 10, e0132791. [Google Scholar] [CrossRef] [PubMed]

	5. 
Beceiro, A.; Tomás, M.; Bou, G. Antimicrobial resistance and virulence: A successful or deleterious association in the bacterial world? Clin. Microbiol. Rev. 2013, 26, 185–230. [Google Scholar] [CrossRef] [PubMed]

	6. 
Roberts, M.E.; Stewart, P.S. Modelling protection from antimicrobial agents in biofilms through the formation of persister cells. Microbiology 2005, 151, 75–80. [Google Scholar] [CrossRef] [PubMed]

	7. 
Domenech, M.; Ramos-Sevillano, E.; García, E.; Moscoso, M.; Yuste, J. Biofilm formation avoids complement immunity and phagocytosis of Streptococcus pneumoniae. Infect. Immun. 2013, 81, 2606–2615. [Google Scholar] [CrossRef] [PubMed]

	8. 
Rutherford, S.T.; Bassler, B.L. Bacterial quorum sensing: Its role in virulence and possibilities for its control. Cold Spring Harb. Perspect. Med. 2012, 2. [Google Scholar] [CrossRef] [PubMed]

	9. 
Jimenez, P.N.; Koch, G.; Thompson, J.A.; Xavier, K.B.; Cool, R.H.; Quax, W.J. The multiple signaling systems regulating virulence in Pseudomonas aeruginosa. Microbiol. Mol. Biol. Rev. 2012, 76, 46–65. [Google Scholar] [CrossRef] [PubMed]

	10. 
Pesci, E.C.; Pearson, J.P.; Seed, P.C.; Iglewski, B.H. Regulation of las and rhl quorum sensing in Pseudomonas aeruginosa. J. Bacteriol. 1997, 179, 3127–3132. [Google Scholar] [CrossRef] [PubMed]

	11. 
Wade, D.S.; Calfee, M.W.; Rocha, E.R.; Ling, E.A.; Engstrom, E.; Coleman, J.P.; Pesci, E.C. Regulation of Pseudomonas quinolone signal synthesis in Pseudomonas aeruginosa. J. Bacteriol. 2005, 187, 4372–4380. [Google Scholar] [CrossRef] [PubMed]

	12. 
Diggle, S.P.; Matthijs, S.; Wright, V.J.; Fletcher, M.P.; Chhabra, S.R.; Lamont, I.L.; Williams, P. The Pseudomonas aeruginosa 4-quinolone signal molecules HHQ and PQS play multifunctional roles in quorum sensing and iron entrapment. Chem. Biol. 2007, 14, 87–96. [Google Scholar] [CrossRef] [PubMed]

	13. 
Hentzer, M; Riedel, K.; Rasmussen, T.B.; Heydorn, A.; Andersen, J.B.; Parsek, M.R.; Rice, S.A.; Eberl, L.; Molin, S.; Høiby, N.; et al. Inhibition of quorum sensing in Pseudomonas aeruginosa biofilm bacteria by a halogenated furanone compound. Microbiology 2002, 148, 87–102. [Google Scholar] [CrossRef] [PubMed]

	14. 
Kahumba, J.; Rasamiravaka, T.; Okusa, P.N.; Bakari, A.; Bizumukama, L.; Kalonji, J.-B.; Kiendrebeogo, M.; Rabemanantsoa, C.; ElJaziri, M.; Duez, P. Traditional African medicine: From ancestral know-how to bright future. Science 2015, 350, S53–S85. [Google Scholar]

	15. 
Ngezahayo, J.; Havyarimana, F.; Hari, L.; Stévigny, C.; Duez, P. Medicinal plants used by Burundian traditional healers for the treatment of microbial diseases. J. Ethnopharmacol. 2015, 173, 338–351. [Google Scholar] [CrossRef] [PubMed]

	16. 
Ngezahayo, J.; Pottier, L.; Ribeiro, S.O.; Delporte, C.; Fontaine, V.; Hari, L.; Stévigny, C.; Duez, P. Plastotoma rotundifolium aerial tissue extract has antibacterial activities. Ind. Crop. Prod. 2016, 86, 301–310. [Google Scholar] [CrossRef]

	17. 
Mogayzel, P.J., Jr.; Naureckas, E.T.; Robinson, K.A.; Mueller, G.; Hadjiliadis, D.; Hoag, J.B.; Lubsch, L.; Hazle, L.; Sabadosa, K.; Marshall, B.; et al. Cystic fibrosis pulmonary guidelines: Chronic medications for maintenance of lung health. Am. J. Respir. Crit. Care Med. 2013, 187, 680–689. [Google Scholar] [CrossRef] [PubMed]

	18. 
Vandeputte, O.M.; Kiendrebeogo, M.; Rasamiravaka, T.; Duez, P.; Stévigny, C.; Rajaonson, S.; Diallo, B.; Mol, A.; Baucher, M.; El Jaziri, M. The flavanone naringenin reduces the production of quorum-sensing-controlled virulence factors in Pseudomonas aeruginosa PAO1. Microbiology 2011, 157, 2120–2132. [Google Scholar] [CrossRef] [PubMed]

	19. 
Kiplimo, J.J.; Koorbanally, N.A.; Chenia, H. Triterpenoids from Vernonia auriculifera Hiern exhibit antimicrobial activity. Afr. J. Pharm. Pharmacol. 2011, 5, 1150–1156. [Google Scholar]

	20. 
Vandeputte, O.M.; Kiendrebeogo, M.; Rajaonson, S.; Diallo, B.; Mol, A.; El Jaziri, M.; Baucher, M. Identification of catechin as one of the flavonoids from Combretum albiflorum bark extract that reduces the production of quorum-sensing controlled virulence factors in Pseudomonas aeruginosa PAO1. Appl. Environ. Microbiol. 2010, 76, 243–253. [Google Scholar] [CrossRef] [PubMed]

	21. 
Chaturvedula, V.S.P.; Norris, A.; Miller, J.S.; Ratovoson, F.; Andriantsiferana, R.; Rasamison, V.E.; Kingston, D.G.I. Cytotoxic diterpenes from Cassipourea madagascariensis from the Madagascar rainforest. J. Nat. Prod. 2006, 69, 287–289. [Google Scholar] [CrossRef] [PubMed]

	22. 
Patra, A.; Jha, S.; Murthy, P.N.; Manik; Sharone, A. Isolation and characterization of stigmast-5-en-3β-ol (β-sitosterol) from the leaves of Hygrophila spinosa. IJPSR 2010, 1, 95–100. [Google Scholar]

	23. 
Wu, X.-Y.; Chao, Z.-M.; Wang, C.; Sun, W.; Zhang, G.-F. Extraction and crystal structure of β-sitosterol. Chin. J. Struct. Chem. 2014, 33, 801–806. [Google Scholar]

	24. 
Ebajo, V.D.J., Jr.; Shen, C.C.; Ragasa, C.Y. Terpenoids and sterols from Hoya multiflora Blume. J. Appl. Pharm. Sci. 2015, 5, 33–39. [Google Scholar]

	25. 
Mahato, S.B.; Kundu, A.P. 13C NMR spectra of pentacyclic triterpenoids—A compilation and some salient features. Phytochemistry 1994, 37, 1517–1575. [Google Scholar] [CrossRef]

	26. 
Hernández-Vázquez, L.; Palazon, J.; Navarro-Ocaña, A. The Pentacyclic Triterpenes α, β-amyrins: A review of sources and biological activities. In Phytochemicals—A Global Perspective of Their Role in Nutrition and Health; Rao, V., Ed.; InTech: Rijeka, Croatia, 2012; pp. 487–502. [Google Scholar]

	27. 
Rasamiravaka, T.; El Jaziri, M. Quorum sensing mechanisms and bacterial response to antibiotics in P. aeruginosa. Curr. Microbiol. 2016, 73, 747–753. [Google Scholar] [CrossRef] [PubMed]

	28. 
Albus, A.M.; Pesci, E.C.; Runyen-Janecky, L.J.; West, S.E.; Iglewski, B.H. Vfr controls quorum sensing in Pseudomonas aeruginosa. J. Bacteriol. 1997, 179, 3928–3935. [Google Scholar] [CrossRef] [PubMed]

	29. 
Kay, E.; Humair, B.; Dénervaud, V.; Riedel, K.; Spahr, S.; Eberl, L.; Valverde, C.; Haas, D. Two gacA-dependent small RNAs modulate the quorum-sensing response in Pseudomonas aeruginosa. J. Bacteriol. 2006, 188, 6026–6033. [Google Scholar] [CrossRef] [PubMed]

	30. 
Ghafoor, A.; Hay, I.D.; Rehm, B.H.A. Role of exopolysaccharides in Pseudomonas aeruginosa biofilm formation and architecture. Appl. Environ. Microbiol. 2011, 77, 5238–5246. [Google Scholar] [CrossRef] [PubMed]

	31. 
Colvin, K.M.; Alnabelseya, N.; Baker, P.; Whitney, J.C.; Howell, P.L.; Parsek, M.R. PelA deacetylase activity is required for Pel polysaccharide synthesis in Pseudomonas aeruginosa. J. Bacteriol. 2013, 195, 2329–2339. [Google Scholar] [CrossRef] [PubMed]

	32. 
Jennings, L.K.; Storek, K.M.; Ledvina, H.E.; Coulon, C.; Marmont, L.S.; Sadovskaya, I.; Secor, P.R.; Tseng, B.S.; Scian, M.; Filloux, A.; et al. Pel is a cationic exopolysaccharide that cross-links extracellular DNA in the Pseudomonas aeruginosa biofilm matrix. Proc. Natl. Acad. Sci. USA 2015, 112, 11353–11358. [Google Scholar] [CrossRef] [PubMed]

	33. 
Hirakawa, H.; Tomita, H. Interference of bacterial cell-to-cell communication: A new concept of antimicrobial chemotherapy breaks antibiotic resistance. Front. Microbiol. 2013, 4, 1–14. [Google Scholar] [CrossRef] [PubMed]

	34. 
Upadhyay, A.; Upadhyaya, I.; Kollanoor-Johny, A.; Venkitanarayanan, K. Combating pathogenic microorganisms using plant-derived antimicrobials: A minireview of the mechanistic basis. BioMed Res. Int. 2014, 2014, 761741:1–761741:18. [Google Scholar] [CrossRef] [PubMed]

	35. 
Musthafa, K.; Ravi, A.; Annapoorani, A.; Packiavathy, I.V.; Pandian, S. Evaluation of anti-quorum-sensing activity of edible plants and fruits through inhibition of the N-acyl-homoserine lactone system in Chromobacterium violaceum and Pseudomonas aeruginosa. Chemotherapy 2010, 56, 333–339. [Google Scholar] [CrossRef] [PubMed]

	36. 
Nagy, M.M. Quorum Sensing Inhibitory Activities of Various Folk-Medicinal Plants and the Thyme-tetracycline Effect. Ph.D. Dissertation, Georgia State University, Atlanta, GA, USA, December 2010. Available online: http://scholarworks.gsu.edu/biology_diss/90 (Accessed on 22 May 2017). [Google Scholar]

	37. 
Nyila, M.A.; Leonard, C.M.; Hussein, A.A.; Lall, N. Activity of South African medicinal plants against Listeria monocytogenes biofilms, and isolation of active compounds from Acacia karroo. S. Afr. J. Bot. 2012, 78, 220–227. [Google Scholar] [CrossRef]

	38. 
Eldridge, G.R.; Buckle, R.N.; Ellis, M.; Huang, Z.; Reilly, J.E. Novel Inhibitors of Bacterial Biofilms and Related Methods. European Patent Application EP2712863A1, 2 April 2014. [Google Scholar]

	39. 
Raut, J.S.; Shinde, R.B.; Chauhan, N.M.; Karuppayil, S.M. Terpenoids of plant origin inhibit morphogenesis, adhesion, and biofilm formation by Candida albicans. Biofouling 2012, 29, 87–89. [Google Scholar] [CrossRef] [PubMed]

	40. 
Gilabert, M.; Marcinkevicius, K.; Andujar, S.; Schiavone, M.; Arena, M.E.; Bardón, A. Sesqui- and triterpenoids from the liverwort Lepidozia chordulifera inhibitors of bacterial biofilm and elastase activity of human pathogenic bacteria. Phytomedicine 2015, 22, 77–85. [Google Scholar] [CrossRef] [PubMed]

	41. 
Amaya, S.; Pereira, J.A.; Borkosky, S.A.; Valdez, J.C.; Bardón, A.; Arena, M.E. Inhibition of quorum sensing in Pseudomonas aeruginosa by sesquiterpene lactones. Phytomedicine 2012, 19, 1173–1177. [Google Scholar] [CrossRef] [PubMed]

	42. 
Aliyu, A.B.; Koorbanally, N.A.; Moodley, B.; Singh, P.; Chenia, H.Y. Quorum sensing inhibitory potential and molecular docking studies of sesquiterpene lactones from Vernonia blumeoides. Phytochemistry 2016, 126, 23–33. [Google Scholar] [CrossRef] [PubMed]

	43. 
Ha, D.-G.; O’Toole, G.A. c-di-GMP and its effects on biofilm formation and dispersion: A Pseudomonas aeruginosa review. Microbiol. Spectr. 2015, 3. [Google Scholar] [CrossRef] [PubMed]

	44. 
Chua, S.L.; Tan, S.Y.Y.; Rybtke, M.T.; Chen, Y.; Rice, S.A.; Kjelleberg, S.; Tolker-Nielsen, T.; Yang, L.; Givskov, M. Bis-(3′-5′)-cyclic dimeric GMP regulates antimicrobial peptide resistance in Pseudomonas aeruginosa. Antimicrob. Agents Chemother. 2013, 57, 2066–2075. [Google Scholar] [CrossRef] [PubMed]

	45. 
Overhage, J.; Lewenza, S.; Marr, A.K.; Hancock, R.E.W. Identification of genes involved in swarming motility using a Pseudomonas aeruginosa PAO1 mini-Tn5-lux mutant library. J. Bacteriol. 2007, 189, 2164–2169. [Google Scholar] [CrossRef] [PubMed]

	46. 
Deziel, E.; Lépine, F.; Milot, S.; Villemur, R. rhlA is required for the production of a novel biosurfactant promoting swarming motility in Pseudomonas aeruginosa: 3-(3-hydoxyalkanoyloxy)alkanoic acids (HAAs), the precursors of rhamnolipids. Microbiology 2003, 149, 2005–2013. [Google Scholar] [CrossRef] [PubMed]

	47. 
Jimenez, P.N.; Koch, G.; Papaioannou, E.; Wahjudi, M.; Krzeslak, J.; Coenye, T.; Cool, R.H.; Quax, W.J. Role of PvdQ in Pseudomonas aeruginosa virulence under iron-limiting conditions. Microbiology 2010, 156, 49–59. [Google Scholar] [CrossRef] [PubMed]

	48. 
Yang, L.; Hu, Y.; Liu, Y.; Zhang, J.; Ulstrup, J.; Molin, S. Distinct roles of extracellular polymeric substances in Pseudomonas aeruginosa biofilm development. Environ. Microbiol. 2011, 13, 1705–1717. [Google Scholar] [CrossRef] [PubMed]

	49. 
Ma, L.; Jackson, K.D.; Landry, R.M.; Parsek, M.R.; Wozniak, D.J. Analysis of Pseudomonas aeruginosa Conditional Psl Variants Reveals Roles for the Psl Polysaccharide in Adhesion and Maintaining Biofilm Structure Postattachment. J. Bacteriol. 2006, 188, 8213–8221. [Google Scholar] [CrossRef] [PubMed]

	50. 
Wagner, V.E.; Bushnell, D.; Passador, L.; Brooks, A.I.; Iglewski, B.H. Microarray analysis of Pseudomonas aeruginosa quorum-sensing regulons: Effects of growth phase and environment. J. Bacteriol. 2003, 185, 2080–2095. [Google Scholar] [CrossRef] [PubMed]

	51. 
Gilbert, K.B.; Kim, T.H.; Gupta, R.; Greenberg, E.P.; Schuster, M. Global position analysis of the Pseudomonas aeruginosa quorum-sensing transcription factor LasR. Mol. Microbiol. 2009, 73, 1072–1085. [Google Scholar] [CrossRef] [PubMed]

	52. 
Diggle, S.P.; Winzer, K.; Chhabra, S.R.; Worrall, K.E.; Cámara, M.; Williams, P. The Pseudomonas aeruginosa quinolone signal molecule overcomes the cell density-dependency of the quorum sensing hierarchy, regulates rhl-dependent genes at the onset of stationary phase and can be produced in the absence of LasR. Mol. Microbiol. 2003, 50, 29–43. [Google Scholar] [CrossRef] [PubMed]

	53. 
Fletcher, M.P.; Diggle, S.P.; Cámara, M.; Williams, P. Biosensor-based assays for PQS, HHQ and related 2-alkyl-4-quinolone quorum sensing signal molecules. Nat. Protoc. 2007, 2, 1254–1262. [Google Scholar] [CrossRef] [PubMed]

	54. 
Ren, D.; Zuo, R.; Barrios, A.F.G.; Bedzyk, L.A.; Eldridge, G.R.; Pasmore, M.E.; Wood, T.K. Differential gene expression for investigation of Escherichia coli biofilm inhibition by plant extract ursolic acid. Appl. Environ. Microbiol. 2005, 71, 4022–4034. [Google Scholar] [CrossRef] [PubMed]

	55. 
Babalola, I.T.; Shode, F.O. Ubiquitous ursolic acid: A potential pentacyclic triterpene natural product. J. Pharmacogn. Phytochem. 2013, 2, 214–222. [Google Scholar]

	56. 
Tsai, C.J.-Y.; Loh, J.M.S.; Proft, T. Galleria mellonella infection models for the study of bacterial diseases and for antimicrobial drug testing. Virulence 2016, 7, 214–229. [Google Scholar] [CrossRef] [PubMed]

	57. 
Vegas, S.; Moreno-Murillo, B.; Quevedo, R. Cassipourol: A monocyclic diterpenoid with larvicidal activity from Croton funckianus. Boletin Latinoam. Caribe Plantas Med. Aromat. 2011, 10, 228–232. [Google Scholar]

	58. 
Lin, K.; Huang, A.; Tu, H.; Lee, L.; Wu, C.; Hour, T.; Yang, S.; Pu, Y.; Lin, C. Xanthine oxidase inhibitory triterpenoid and phloroglucinol from guttiferaceous plants inhibit growth and induced apoptosis in human NTB1 cells through a ROS dependent mechanism. J. Agric. Food Chem. 2011, 59, 407–414. [Google Scholar] [CrossRef] [PubMed]

	59. 
Paniagua-Pérez, R.; Madrigal-Bujaidar, E.; Reyes-Cadena, S.; Molina-Jasso, D.; Gallaga, J.P.; Silva-Miranda, A.; Velazco, O.; Hernández, N.; Chamorro, G. Genotoxic and cytotoxic studies of β-sitosterol and pteropodine in mouse. BioMed Res. Int. 2005, 2005, 242–247. [Google Scholar] [CrossRef] [PubMed]

	60. 
Smith, A.W.; Iglewski, B.H. Transformation of Pseudomonas aeruginosa by electroporation. Nucleic Acids Res. 1989, 17, 10509. [Google Scholar] [CrossRef] [PubMed]

	61. 
Chérigo, L.; Pereda-Miranda, R.; Gibbons, S. Bacterial resistance modifying tetrasaccharide agents from Ipomoea murucoides. Phytochemistry 2009, 70, 222–227. [Google Scholar] [CrossRef] [PubMed]

	62. 
Okusa, P.N.; Penge, O.; Devleeschouwer, M.; Duez, P. Direct and indirect antimicrobial effects and antioxidant activity of Cordia gilletii De Wild (Boraginaceae). J. Ethnopharmacol. 2007, 112, 476–481. [Google Scholar] [CrossRef] [PubMed]

	63. 
Zhang, X.; Bremer, H. Control of the Escherichia coli rrnB P1 promoter strength by ppGpp. J. Biol. Chem. 1995, 270, 11181–11189. [Google Scholar] [CrossRef] [PubMed]

	64. 
Imperi, F.; Leoni, L.; Visca, P. Anti-virulence activity of azithromycin in Pseudomonas aeruginosa. Front. Microbiol. 2014, 5, 178. [Google Scholar] [CrossRef] [PubMed]

	65. 
Ishida, T.; Ikeda, T.; Takiguchi, N.; Kuroda, A.; Ohtake, H.; Kato, J. Inhibition of quorum sensing Pseudomonas aeruginosa by N-acyl cyclopentylamides. Appl. Environ. Microbiol. 2007, 73, 3183–3188. [Google Scholar] [CrossRef] [PubMed]

	66. 
Müh, U.; Schuster, M.; Heim, R.; Singh, A.; Olson, E.R.; Greenberg, E.P. Novel Pseudomonas aeruginosa quorum-sensing inhibitors identified in an ultra-high-throughput screen. Antimicrob. Agents Chemother. 2006, 50, 3674–3679. [Google Scholar] [CrossRef] [PubMed]

	67. 
Rasamiravaka, T.; Vandeputte, O.M.; El Jaziri, M. Procedure for Rhamnolipids Quantification Using Methylene-Blue. Bio-Protocol 2016, 6. [Google Scholar] [CrossRef]

	68. 
Khalilzadeh, P.; Lajoie, B.; El Hage, S.; Furiga, A.; Baziard, G.; Berge, M.; Roques, C. Growth inhibition of adherent Pseudomonas aeruginosa by an N-butanoyl-l-homoserine lactone analog. Can. J. Microbiol. 2010, 56, 317–325. [Google Scholar] [CrossRef] [PubMed]

	69. 
Jain, S.N.; Vishwanatha, T.; Reena, V.; Divyashree, B.C.; Sampath, A.; Siddhalingeshwara, K.G. Antibiotic synergy test: Chequerboard method on multi drug resistant Pseudomonas aeruginosa. Int. Res. J. Pharm. 2011, 2, 196–198. [Google Scholar]

	70. 
Noumedem, J.; Mihasan, M.; Kuiate, J.; Stefan, M.; Cojocaru, D.; Dzoyem, J.; Kuete, V. In vitro antibacterial and antibiotic-potentiation activities of four edible plants against multidrug-resistant Gram-negative species. BMC Complement. Altern. Med. 2013, 13, 1–10. [Google Scholar] [CrossRef] [PubMed]

	71. 
Rasamiravaka, T.; Jedrzejowski, A.; Kiendrebeogo, M.; Rajaonson, S.; Randriamampionona, D.; Rabemanantsoa, C.; Andriantsimahavandy, A.; Rasamindrakotroka, A.; Duez, P.; El Jaziri, M.; et al. Endemic malagasy Dalbergia species inhibit quorum sensing in Pseudomonas aeruginosa PAO1. Microbiology 2013, 159, 924–938. [Google Scholar] [CrossRef] [PubMed]

	72. 
Ha, D.G.; Kuchma, S.L.; O’Toole, G.A. Plate-based assay for swimming motility in Pseudomonas aeruginosa. Pseudomonas Methods Protoc. 2014, 1149, 59–65. [Google Scholar]

	73. 
Darzins, A. The pilG gene product, required for Pseudomonas aeruginosa pilus production and twitching motility, is homologous to the enteric single-domain response regulator CheY. J. Bacteriol. 1993, 175, 5934–5944. [Google Scholar] [CrossRef] [PubMed]





























© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license ( http://creativecommons.org/licenses/by/4.0/).







media/file8.jpg
4000

8 8 8

8 & °

W) ZoErd

svo

o

osna

8 8 8

W) Zoel-+="1g

LS

o

200 M





media/file13.png
S

AM,Y-treg
K

ted
9
\.‘.
R Agus-






media/file12.jpg





media/file18.jpg
©

®

(ws) Aynow Buiens






media/file9.png
P ni-lacZ (Miller units)

o o o -
o o o o
o o o o
< op} N -— o
_
X
! — | 5
32
* 3
. SYO | &
* - .
N Tr‘_mz P, s-lacZ (Miller units)
o o o o o
- o o o -
- LO o O o
N B Y

-500

OSINA

I

Lo

O_

S & & o o
2 ¢ 8 8 € z[tm
o &) o o S
. < ™ Q| -—
@ (suun Jellin) Zoervg ; .
X
P.s-1acZ (Miller units) TT N2
o o o
2 2 8 [omgo
a_/_ t — u_u ﬂ
* _ $88g8 3 °
*[5 _ 8888¢§8:
=1 ® N N 9~ -
m[@qo m @ (suun Js|iN) Zoe-7°%P 4
X
* [_mz
[oms_o
© o o o o o
ke < ™ AN —

N

< (suun J9|IN) Zoe-=**d

p

200 pM





media/file14.jpg
OMSO-reated PAOL CAS uested PAOL

Untjedted pAOH AMY.treated PAOL Sihyeated pAOL






media/file20.jpg
B -
P —")

1500
00
500

| E—
 —
[ —

(qwbri)
uononposd sieuBly.

(B)

B —
T swo
—

g 8 8 8 °
()
_ uoponpoud sopuieuooesfiodox3

)

oo

oo

oo





media/file5.png
(C)

(B)

—_—

<

S—

A 600nm

o~ < @ o - o~ <
Z ANV
” 3
11S
g
o %0
& JEN
& OSWa
o o o o o
o o o o
o wn o wn
N ~— ~—
(syun Ja||IA) Zoel-¥* 4
A 600nm
~ o < © ~ ~N o
T = © °© o o o
& AWV
=
H —
& 1S =4
oN
" SV0
H . 1N
- OSWa
O © 0O © © © O o
o (=] (=] o O o (=]
g ] o 9] o w0 o w0
(<2 ] (] N N - -
(sun Ja|IN) Zoe-V¥ 'y
A 600nm
N O ®©® W % &N O
T T 9 9 9 ¢ o
" ANV
X
o us g
N
= SV
& . JeN
o OSWa
X ENFEEEE
2883338
[sp] (2] N N - ~—
(snun Ja|IN) Zoe-#°%g

m

S_—,

L

~—

_

(o]

S

ANV

LIS

.
« i lswo

200 uM

= -OSWA
© o © =
-— -— o (@]
(“10%%y 19)01A BISAID)
uoljew.o} wjyoig
- -ANY
* H LIS
* % 'SYO |
* % L1IEN
- LOSI@
o o o o o
o wn o wn
N - -~
(wy/bi)
uononpoud spidijouweyy
bt LAY
x M LIS
* _ -SVYO
* * -IEN
S HOSNa
+ © o < 9O
o o o o o
AEcooonEcowm(v
uononpoud uiueAoohd

200 M

200 UM





media/file15.png
O
d
-

Untreated PAO1

< 0
d
O O
° 0
' III
0.0
O
d . <1
O

<

25 um

DMSO-treated PAO1

25 pm

CAS-treated PAO1

25 pm

AMY-treated PAO1

25 pm

SIT-treated PAO1

25 pm






media/file19.png
- LIS .
B FANY | 8
Hi SYO |
= -OSNa
g 8 & ¢ ©°

O (ww) Ayow Buiyoym |

- LIS

100 uM

x % FANY

x Hi SYo |

- -OSINA

o o o o

40-
3

2

1

o  (ww) Aynow Buiwiems
x LIS
% =
x H FANY | 8
X _+_ -SVO |
- -FOSINa
© © o o o o
(9] < ™ N -

_~

<  (ww) Aypow Bulwwimg






media/file2.jpg





nav.xhtml


  ijms-18-01270


  
    		
      ijms-18-01270
    


  




  





media/file11.png
<

ARG 2L

HNNGZ

HANOG

HINN0O0 L

HNA00Z

HNAO0Y

VO

-OSINd

- O o o o
(11065yy 1810IA [eISAID)
uoljewlo} wjiolg

HAAG 2

HINAGE

-INAOG

HINM00L

HINA00Z

HANA 00T

VO

-OSINd

- o o o o
(1065ys 19101A [BISAID)
uoljew.o} wyyolg

HANGZ'9

N0 L

HANGZ9

HINA008 L

3-sitosterol

Cassipourol

S

HANG 21

HINAGE

HINAOS

HINAOOL

HINA002

-HINAOOY

-INM008

VO

-OSIANd

(14065yy 19101 BISAID)
uoljewloy} wjijolg

HANGZ 9

o.-amyrin






media/file6.jpg
)

g

> 89:%
& 3335
(SRR

2 = S

(w009 Ayisusp 180 LOVd

S

418 2

10

Hours

 —

Ay

i lew

—

8
o

N0 ;01





media/file1.png
~~

m

—_~

<

S

A 600nm

N o © © < o
-~ T © o o o
L]
-~
H
£ 3
-
*
=
-
*
—
S & 6 o6 o o o
(@] o (e] (e»] (@] (e (@]
un o wn o wn o wn
o™ o™ N N - S
(suun J9|IN) Zoel-Y% 4
A 600nm
N ©o ®© © ¥ o O
- - O O o o O
e oV
= HO=2IN
- 5 Y013
a2 . ele
e H
e x JEN
= OSINQd
S &6 6 6 6 6 & o
o o o o o (e o
mn o un () mn o wn
™ o N N - .

(syun sg|IN) Zzoel-g%% 4

100 pg/mL

100 pg/mL

S}

)

- OV
H -HOSI
x Y013
¥ _.m -NOd
8 -H
« HH YO
HH -OSINA
o 0 o © o
(qV] ~ -~ o o
(11065y 181014 |E}SAIO)
uoljewllo} wyyoig
A 600nm
N © @© © T o O
T 51 € 9 ¢ 9 ¢
' oV
. HO®W
: ov0Il3
' Woa
' H
" JeN
" OSINQ
) ) ) o o
o o o o
o wn o ]
(9] s 3 -
(syun J9||IN) Zoe[-79%¢4

100 pg/mL

100 pg/mL






media/file10.jpg
(40095 J3j01 [B1sAi0)
uonewio; wiyorg

8)

(058 oj0n frshi0)
oeiu6) Wiioa

®

psitosterol

Cassipourol

< S S S s o
(405 3ajoin [eishio)
uoRewo} wiyolg

a-amyrin





media/file7.png
=
()]
5
= S =<
h LT TS
T <98 -1IS
E o« m S =
w
2 SZ Sk —H AN
&) 0o <<w
A 44t an SV
N o -OSING
o o o o
)3 N ~
B @) qw/N490 ;,01
| <r
~ (2]
5
o
I
| O
Lo e LIS
H -AINY
- (N
— -SVO
I T T l|A |Ow_>_m_
X < - Q _ :
— ~— o o = Q © o
)3 N ~
= i) TW/N4D 40

(M1009y) Ayisuep |19 LOVd





media/file16.jpg
DMSOtreated PAOT

Tobr-theated PAOL Tobr+AMY.-treated PAOT

TobrsCAS treated PAOL TobreS|T-reated PAOL






media/file3.png





media/file17.png
% Cell viability
H D
o o

N
o

o

O
(D)
=
(@)

100 uM

+ tobramycin (50 pg/mL)

Tobr-treated PAO1

Tobr+CAS-treated PAO1

Tobr+DMSO-treated PAO1

Tobr+AMY-treated PAO1

Tobr+SIT-treated PAO1

25 pm






media/file4.jpg
(o mon o)
€ uontum o

§8 38 8 °

mmmmm:, tipid

T vororpent spdue
P £ o ey

ggggage”

2" Eunsmzerng





media/file0.jpg
DMSO.

Nar

3

=

MeOH,

@
100 pg/mL.

12

10

08

04

02

00

woog

®)

100 pgimL.
]

Biofim formation

(crystal violet Aggonm)






media/file21.png
e LIS
« FANY
* SO
o FOSING
o o o o
o o o
B S
(sHun JaN) Zzoe)-7*%y
S
H FANY
H LIS
H SVO |
H -OSING
o 10 = 1) o
AN ~ ~
(Twy/br)
uolonpoud sjeulb)y
0
* H FANY
x H LIS
* g SO |
il -OSING
o o o o o
o (e} o O
N ~ ~
(wy/bm)

uononpoud saplieyodoesAjodox]

—~

<

h

100 UM

100 M

100 pM





